ABSTRACT A cDNA cloning approach was used to investigate muscle gene regulation during differentiation of cultured embryonic quail myoblasts. A cDNA clone library of cultured myofiber poly(A)'RNA was constructed and screened by colony hybridization with cDNA probes of myoblast and myofiber RNA. Twentyeight myofiber-specific cDNA clones were identified and, by cross-hybridization analysis, these clones were found to represent, at most, 18 different myofiber-specific RNAs. Six of these RNAs were identified by sequence analysis of the cDNA clones. These six RNAs encode the contractile proteins a-actin, a-tropomyosin, myosin heavy chain, myosin light chain 2, troponin C, and troponin I. The embryonic muscle contractile protein sequences are identical with, or closely match, those ofadult skeletal muscle proteins and include both fast fiber (myosin light chain 2 and troponin I) and slow fiber (troponin C) isotypes. RNA gel transfer hybridization analysis showed that the cellular abundances of these contractile protein mRNAs increase 20-to 30-fold or more during myoblast differentiation. These findings indicate that coordinate activation of contractile protein synthesis during myogenesis is controlled by mechanisms that direct the accumulation of contractile protein mRNAs rather than their translational utilization. Furthermore, with the possible exception of myosin heavy chain, the contractile protein genes expressed by cultured embryonic muscle encode adult muscle proteins of both fast and slow fiber types, consistent with a co-activation-selective repression model of gene regulation during fiber type differentiation in developing skeletal muscle.
poly(A)'RNA was constructed and screened by colony hybridization with cDNA probes of myoblast and myofiber RNA. Twentyeight myofiber-specific cDNA clones were identified and, by cross-hybridization analysis, these clones were found to represent, at most, 18 different myofiber-specific RNAs. Six of these RNAs were identified by sequence analysis of the cDNA clones. These six RNAs encode the contractile proteins a-actin, a-tropomyosin, myosin heavy chain, myosin light chain 2, troponin C, and troponin I. The embryonic muscle contractile protein sequences are identical with, or closely match, those ofadult skeletal muscle proteins and include both fast fiber (myosin light chain 2 and troponin I) and slow fiber (troponin C) isotypes. RNA gel transfer hybridization analysis showed that the cellular abundances of these contractile protein mRNAs increase 20-to 30-fold or more during myoblast differentiation. These findings indicate that coordinate activation of contractile protein synthesis during myogenesis is controlled by mechanisms that direct the accumulation of contractile protein mRNAs rather than their translational utilization. Furthermore, with the possible exception of myosin heavy chain, the contractile protein genes expressed by cultured embryonic muscle encode adult muscle proteins of both fast and slow fiber types, consistent with a co-activation-selective repression model of gene regulation during fiber type differentiation in developing skeletal muscle.
The molecular mechanisms that coordinate the expression of tissue-specific gene sets pose an unsolved but fundamental problem of eukaryotic gene regulation (1) . Much recent work on this problem has been devoted to the study of gene families-i. e., sets of sequence-related genes that apparently share a common ancestor, such as the globins (2), the histones (3), and insect egg chorion proteins (4) . An alternative approach, which is likely to generate complementary information, is to study the coordinate regulation ofapparently unrelated genes that encode functional sets of proteins. An excellent gene system for this approach is the set of genes encoding the muscle-specific contractile proteins.
The major contractile proteins, actin, myosin, tropomyosin, and troponin, are incorporated in a defined stoichiometry into highly organized myofibrils (5) . The role of each of these proteins in the process of contraction is understood, their subunit compositions are known, and a great deal of amino acid sequence information is available. Muscle differentiation and contractile protein synthesis also have been studied extensively. Dividing skeletal muscle myoblasts in culture synthesize extremely small quantities, if any, of the muscle-specific contractile proteins (6) (7) (8) (9) (10) . Yet when myoblasts withdraw from the cell cycle and fuse to form multinucleate myofibers, the synthesis of these proteins is coordinately activated to high levels (6) (7) (8) (9) (10) (11) (12) . This phenomenon identifies a set of coordinately regulated genes encoding a variety ofstructurally diverse, but functionally related, polypeptides.
It became clear to us and other investigators (13) (14) (15) 10 Japanese quail embryos (Coturnix coturnix) and cultured as described (6, 16) . Secondary cultures were fed fresh medium 12-24 hr after plating. Myoblast RNA was extracted from cultures 48 hr after plating, during which time myoblasts undergo rapid cell division. Myoblast fusion commences ==60 hr after plating, and by 120 hr, 80-90% ofthe nuclei are found in multinucleated myofibers (6, 16) . Myofiber RNA was extracted on the fifth day (120 hr) after plating. Whole cell RNA was extracted in a procedure involving lysis with NaDodSO4, digestion with Pronase, phenol/ chloroform extraction, and precipitation from 2 M LiCl (17) . Poly(A)+RNA was isolated by chromatography of whole cell RNA on oligo(dT)-cellulose (18) .
cDNA Cloning, Colony Hybridization, and Plasmid Preparation. Double-stranded cDNA was synthesized from myofiber poly(A)+RNA and cloned by G-C tailing into the Pst I site of plasmid pBR322 and.by transforming into Escherichia coli strain x1776 (19, 20 The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
1554 Developmental Biology: Hastings and Emerson ':1 mg/ml in 10 mM Tris-HCV1 mM EDTA, pH 7.5. Because of low plasmid yields from E. coli X1776 (=0.1 mg/liter of culture), recombinant plasmids were transferred into E. coli strain HB101, which permitted 10-fold greater yields.
Hybridization-Translation Analysis. Two micrograms ofpurified plasmid DNA affixed to nitrocellulose was hybridized with 60 ug of myofiber total RNA, and specifically hybridized RNA was recovered (25) and translated in a rabbit reticulocyte lysate containing ['S]methionine (17) . Translation products were analyzed by two-dimensional gel electrophoresis (26) . Authentic contractile protein markers prepared from adult quail leg muscle (by three rounds of suspension in 0.6 M KC1 and precipitation from 0.1 M KCl) were included in two-dimensional gel samples. Gels were stained with Coomassie blue and then fluorographed (27) .
DNA Sequence Analysis Strategy. To determine restriction sites suitable for DNA sequence analysis, purified recombinant plasmid DNAs were digested with Pst I in combination with various other restriction enzymes (Bethesda Research Laboratories). In every case, Pst I released the cDNA insert from the plasmid vector DNA so that restriction sites in any cDNA sequence could be established by gel electrophoresis. The 5' termini at internal insert restriction sites were 32P-labeled with polynucleotide kinase (28). The labeled DNA was then digested with Pst I or another appropriate enzyme and the resulting two insert fragments were resolved by gel electrophoresis and analyzed by the method of Maxam and Gilbert (28) .
Gel Transfer Hybridization. RNA samples were subjected to electrophoresis in a 1.2% agarose/5 mM methylmercuric hydroxide gel (29) and transferred to diazotized paper (30) . Diazophenylthioether paper (B. Seed; see ref. 31 ) was used instead of diazobenzyloxymethyl paper. Paper-bound RNA was hybridized (32) with recombinant plasmids 32P-labeled by nicktranslation (33) . RESULTS Identification of Contractile Protein cDNA Clones. Rather than attempting to purify and clone individual contractile protein mRNAs, we elected to shotgun clone the entire population of poly(A)+RNAs present in differentiated myofiber cultures. We initially identified developmentally regulated sequences by screening the myofiber cDNA clone library by colonj hybridization using myoblast [32P]cDNA and myofiber [3 P]cDNA probes. Of 890 randomly chosen transformant colonies analyzed by this method, 28 clearly hybridized to a greater extent with the myofiber probe than with the myoblast probe. These colonies therefore harbored recombinant plasmids containing cDNA copies of RNA species whose abundances increased substantially during myogenesis. For convenience, we refer to these 28 cloned sequences as myofiber-specific cDNAs.
The myofiber-specific set of 28 cDNA clones did not represent 28 different RNA species. Analysis by DNA dot hybridization (34) and restriction mapping indicated that a maximum of 17 or 18 different RNA species were represented, several by two or three independently cloned cDNAs. By hybridization translation and DNA sequence analyses of myofiber-specific cDNAs, we have identified cloned partial copies of six different contractile protein mRNAs, as summarized below. a-Tropomyosin: Two cross-hybridizing cDNA clones, cC101
and cClO2, yielded hybridization-translation products that comigrated on two-dimensional gels with quail skeletal muscle a-tropomyosin. The sequence of a region of the 520-base pair (bp) cDNA insert of cC101 decoded into what is, with one exception, the amino acid sequence of rabbit skeletal muscle atropomyosin (35) at residues 134-192 (Fig. 1) . The sequence of a region of the 580-bp cDNA insert of cC102 was identical with that determined for cC101, including the codon for residue 157, which is aspartate in the rabbit protein but glutamate in the decoded quail DNA sequences. Thus, this one conservative amino acid substitution is not due to an error in cloning or DNA sequence analysis but is presumably a primary structure difference between homologous quail and rabbit proteins. (37) , rabbit slow muscle troponin C (38) , chicken fast muscle troponin 1 (39) , and rabbit myosin heavy chain (40) . Residues in the myosin heavy chain are numbered from the COOH terminus. More extensive DNA sequence information will be presented elsewhere.
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translation products that comigrated on two-dimensional gels with quail skeletal muscle a-actin. The sequence ofa region ofthe 590-bp cDNA insert ofcC118 decoded exactly into the amino acid sequence of rabbit muscle a-actin (36) at residues 250-291 (Fig. 1) . This insert is clearly a partial copy of a-actin mRNA since the amino acid sequences of , and yactins differ at positions 259, 266, 271, 278, and 286, in addition to others (42) . cC118 hybridizes strongly with cC115 but not with cC114 and cC116 (not shown). It is possible that cC114 and cC116 include a-actin mRNA sequences that do not overlap with the cDNA segment cloned in cC118.
Myosin light chain 2: cC127 yielded a hybridization-translation product that comigrated on two-dimensional gels with quail skeletal muscle myosin light chain 2. Both fast and slow fiber isotypes of this protein were observed, although the fast fiber isotype greatly predominated. The sequence of a region ofthe 590-bp cDNA insert ofcC127 decoded into an amino acid sequence identical to residues 73-151 of the presumably fast isotype ofchicken myosin light chain 2, as analyzed by Matsuda et al (37) . That the cC127 sequence encodes the fast, and not the slow, isotype of myosin light chain 2 is further,supported by the identification of a cysteine residue at residue 125 of the decoded quail DNA sequence (Fig. 1) . Cysteine is present at this position in chicken and rabbit fast myosin light chain 2 but is absent in rabbit slow isotype (43) .
Troponin C: cClll yielded a hybridization-translation product that migrated on two-dimensional gels to a position close to that of quail skeletal muscle troponin C. The sequence of a region of the 420-bp cDNA insert of cClll ( Fig. 1 ) decoded, with two exceptions, into the amino acid sequence of the slow fiber isotype ofrabbit troponin C (38) at residues 47-152. In the rabbit protein, residues 93 and 115 are serine and aspartate, respectively, whereas the DNA sequence decodes into threonine and glutamate at these positions. These few very-conservative substitutions could be species differences or cloning errors, but it is clear that the cDNA insert of cClll encodes the slow fiber isotype of troponin C. The decoded quail sequence differs at >20 residues from the fast fiber isotype of rabbit troponin C (38) and the closely homologous chicken protein analyzed by Wilkinson (44) but matches the sequence of the rabbit slow fiber isotype of troponin C at all but one ofthese slow-specific residues. Troponin 1: The cDNA inserts of cC106, cC112, and cC120 cross-hybridized strongly (not shown). None of them gave a hybridization-translation product detectable by one-or twodimensional gel electrophoresis. However, their DNA sequences decoded exactly into the amino acid sequence of the fast fiber isotype ofchicken tropinin 1 (39) at residues 1-127 and 154-182 (Fig. 1) . In these decoded regions, the rabbit fast and slow fiber isotypes oftroponin I differ at 69 residues (39) . Thus, it is clear that cC106, cC112, and cC120 encode the fast isotype of this protein.
Myosin heavy chain: The sequence of a region of the 590-bp insert ofcC128 decoded into a stretch of61 amino acids that was a close match with the COOH-terminal sequence ofrabbit skeletal muscle myosin heavy chain (40) (Fig. 1) . The decoded DNA sequence differed from the rabbit protein sequence at nine positions and contained an extra glutamate residue 29 amino acids from the COOH terminus. The sequence of a region of the 430-bp insert ofcC107 corresponding to the first 44 ofthese 61 amino acids was identical with that determined for cC128 and confirmed the extra glutamate and all four. of the quail/rabbit amino acid differences in this region (Fig. 1) . Since only one rabbit myosin heavy chain protein sequence has been determined, we cannot yet say whether these substitutions reflect species differences or isotype differences. However, the overall good sequence match with rabbit myosin heavy chain and the fact that cC128 hybridizes to a 7-kilobase (kb) myofiber RNA (not shown) identifies the cDNA inserts of cC128 and cC107 as partial copies of the 3' terminus of myosin heavy chain-mRNA.
Myogenic Increase in Contractile Protein mRNA Levels. cDNA clones were used as probes to assay contractile protein mRNAs in myoblast and myofiber RNA by gel transfer hybridization (30) . The a-tropomyosin clone cC102 hybridized intensely with a 1.2-kb RNA in 10 ,ug of myofiber total RNA; as expected, the hybridization signal with 1 ,ug of myofiber RNA was much reduced, but the signal with 1 ,ug of myofiber RNA was still stronger than that obtained when this a-tropomyosin cDNA probe was hybridized to 10 jg of myoblast total RNA ( Fig. 2A) . Therefore, the abundance of a-tropomyosin mRNA ..w U, increases at least 10-fold after myoblast fusion. Similar increases in RNA abundance were observed for a-actin mRNA (1.6 kb; Fig. 2B ) and myosin light chain 2 mRNA (0. 75 kb; Fig. 2C ) and for troponin C mRNA (0.85 kb) and troponin I mRNA (1.0 kb) (not shown). The RNA preparations analyzed in Fig. 2A -C were also hybridized with a control cDNA clone, cC129. cC129 is one of three cloned myoblast-specific sequences identified in our initial colony hybridization screen because they hybridized to a greater extent with myoblast [32P]cDNA than with myofiber [32P]cDNA. As shown in Fig. 2D , cC129 hybridized with a 2.4-kb RNA that was much more abundant in myoblast RNA than in myofiber RNA. This result demonstrated the integrity of the myoblast RNA preparation used to assay contractile protein mRNA abundance and, in conjunction with Fig. 2A-C , further confirmed the validity of the initial colony hybridization screen used to identify developmentally regulated RNA sequences. DISCUSSION Using a differential colony hybridization screening procedure, we have identified a set of cloned myofiber-specific sequences in a recombinant cDNA library representing cultured embryonic quail myofiber RNA. DNA sequence analysis has identified members of this set encoding six different contractile proteins: a-actin, a-tropomyosin, myosin heavy chain, myosin light chain 2, troponin C, and troponin I. The decoded cDNA sequences corresponding to troponin I, a-actin, and myosin light chain 2 match perfectly with known adult muscle contractile protein amino acid sequences. The few conservative amino acid substitutions noted for a-tropomyosin (aspartate --glutamate) and troponin C (serine -* threonine and aspartate -) glutamate) are consistent with the slight quail/rabbit species divergences expected among these highly conserved proteins. The possibility that these substitutions reflect isotype differences rather than species variation is virtually excluded by the high degree of divergence among the various isotypes of these proteins within a given species and the excellent match between the decoded cDNA sequences and established amino acid sequences of known adult isotypes. Our results, therefore, indicate that embryonic quail muscle cultures express adult genes for these contractile proteins rather than a special set of genes encoding embryonic isotypes, as is the case for the embryonic f3-globins (48) .
The greatest departure from perfect agreement between decoded embryonic cDNA and established adult protein sequences was in the case of myosin heavy chain. Although the amino acid sequence match at 51 out of 61 residues unambiguously identifies myosin heavy chain cDNA clones, the disagreement at 10 residues still remains to be explained. Only one myosin heavy chain protein sequence has been determined. Sequence analysis ofadditional forms of myosin heavy chain will probably be necessary to resolve whether the substitutions we observe are species differences in exactly homologous proteins or whether the cDNA sequences correspond to a different isotype of the protein, perhaps an embryonic form (49) .
It is particularly interesting that the cDNA clone cC1ll decodes into the slow, and not the fast, fiber isotype of troponin C. This indicates that birds have a slow fiber isotype of troponin C, as do mammals (38) . Moreover the expression of mRNA encoding a slow fiber contractile protein in cultures of embryonic presumptive fast muscle (breast) has some bearing on the mechanism of skeletal muscle fiber type differentiation in the adult. Keller and Emerson (9) have shown that both presumptive fast and presumptive slow embryonic avian muscles, as well as clonal muscle cultures, synthesize both fast and slow fiber isotypes of myosin light chains. It was concluded that all skeletal muscle myosin light chain genes are coactivated immediately after myoblast fusion in embryonic muscle and that the restricted fiber type isotype patterns evident-in adult muscle must result from selective turnoff of expression of inappropriate isotypes later in development. Our identification of a slow fiber troponin C clone in an embryonic presumptive fast muscle cDNA library suggests that a similar mechanism ofcoexpression followed by selective repression also regulates the troponin C gene family. Such a regulatory system implies the existence of two distinct and sequentially acting control mechanisms. The first mechanism is responsible for the coordinate activation during myogenesis of a large set of muscle genes, including genes encoding fast and slow fiber isotypes ofcontractile proteins. The second mechanism is responsible for the repression later in development of a specific subset of the genes originally activated during myogenesis. It is significant that both control mechanisms operate on functional sets of genes, for this indicates that the developing organism has two different ways by which it can recognize, as functional sets, the various members of the large group of skeletal muscle genes.
Studies of avian and mammalian myogenesis have shown a dramatic and coordinate activation of contractile protein synthesis during myoblast differentiation (8) (9) (10) 51, 52) . This has been most clearly shown in mammalian systems by the use of cDNA clones corresponding to a-actin, myosin light chain 2, and myosin heavy chain (13, 14) . Our results show that these observations also apply to avian myogenesis-and extend them to include a-tropomyosin, troponin C, and troponin I mRNAs. First, we identified cDNA clones encoding six different contractile proteins among a set ofcloned sequences that hybridized to a greater extent with myofiber than with myoblast [32P] cDNAs. This result indicates that these contractile protein mRNAs are considerably more abundant in myofiber than in myoblast poly(A)+RNA. Second, by using the identified cDNA clones as RNA sequence probes in gel transfer hybridization analysis, we found that these contractile protein RNAs increase 10-fold or more in relative abundance in total RNA during myogenesis. Moreover, considering the 2-to 3-fold net accumulation of total RNA per myofiber nucleus after myoblast fusion (53) , the cellular abundance of these mRNAs actually increases 20-to 30-fold or more. Since the gel transfer-hybridization assay is independent oftranslatability, presence or absence of poly(A), or subcellular localization, it seems clear that myoblasts do not contain sufficient amounts of any contractile protein-coding RNA sequences, translatable or otherwise, to account for the dramatic activation of synthesis after myoblast fusion (8) . These results apply to mRNAs encoding one or more subunits of each of the major contractile proteins actin, myosin, tropomyosin, and troponin. In addition, as many as 11 or 12 as yet unidentified RNAs are also represented in our set ofmyofiber-specific cDNA clones. Presumably these unidentified myofiber-specific RNAs encode other proteins, including additional contractile proteins, whose synthesis is activated during myogenesis (8, 9 
